Abstract Microsatellite markers (SSR) have broad utility in genetic studies due to a high rate of polymorphisms, a codominant nature and multiallelism. ESTSSRs are markers derived from the expressed sequences of a genome and represent transcribed genes. Despite the importance of the genus Coffea, only a small number of EST-SSR markers are currently available. Thus, this study was designed to mine and develop a new set of EST-SSR markers from the Brazilian Coffee Genome Project. We investigated 130,792 expressed sequence tags (ESTs), from which 24,031 DNA sequences with microsatellites were identified. After stability and amplification testing, 101 new EST-SSR markers were developed and analyzed in different coffee species. The average rate of transferability was 88 %, showing that these markers are useful in genetic studies across the genus Coffea. Polymorphism levels and the degree of diversity were consistent with the evolutionary history of the species. All coffee genotypes were discriminated, even the C. arabica genotypes that have known narrow genetic basis. It was also possible to locate 14 ESTSSRs into different linkage groups of the C. arabica genetic map, which demonstrate that these markers can be useful in QTL mapping studies and in molecularassisted selection.
canephora (2n = 2x = 22), grown at low altitudes and in warmer weather. Global efforts have been made to improve the production and quality of coffee. In this sense, breeding programs stand out mainly for improving agronomic aspects involved in the production and marketing of coffee beans.
In this context, the use of molecular markers becomes imperative because it allows access to reliable and clear information at the DNA level. Among the different types of markers, microsatellites or simple sequence repeats (SSRs) stand out for important features, e.g., high rates of polymorphism, a codominant nature, multiallelism, locus specificity, reproducibility, ease of automation and relative low cost in comparison with SNP. These characteristics make this marker a favorite for genetic mapping studies, markerassisted selection (MAS), genetic diversity surveys, QTL analysis and germplasm maintenance. Despite these advantages, the number of SSR markers for the genus Coffea is limited mainly by the difficulties in developing specific primers.
Advances in sequencing techniques over the past few decades have led to the sequencing of thousands of DNA expressed sequences (ESTs) that are then deposited into public and private DNA databases. ESTs represent regions of the genome transcribed under certain physiological conditions. This scenario has led to the development of SSR markers with greater ease and lower costs. Thus, EST-SSR markers are developed with the advantage of being related to functional portions of the genome and providing a high degree of transferability between related species (Kalia et al. 2010; Guichoux et al. 2011) .
A database with over 200,000 ESTs for the genus Coffea was made available from the Brazilian Coffee Genome Project (Vieira et al. 2006) . Thousands of clones randomly selected from cDNA libraries of C. arabica, C. canephora and C. racemosa were sequenced, representing specific stages of development of cells and tissues.
In this study, only C. arabica sequences (130,792 ESTs) were investigated. The development of new ESTSSRs for this specie was performed in three steps: (1) data mining in the Brazilian Coffee Genome database and primer design; (2) analysis of polymorphisms and transferability; and (3) validation in genetic studies.
The data mining was conducted through the bioinformatics platform of the Brazilian Coffee Genome Project (http://lge.ibi.unicamp.br/cafe). The identification and position of microsatellites were determined by the Gramene software (http://gramene.org/db/searches/ ssrtool). EST-SSR mining was performed considering perfect SSRs with a minimum size of 12 bp. The Primer3 (Rozen and Skaletsky 2000) and Primer Select (Plasterer 1997) software were used for primer design and stability evaluation, respectively. From this analysis, 24,031 microsatellite sequences were identified, in which 4,380 (18.23 %) are DNRs (dinucleotides), 8,811 (36.67 %) are TNRs (trinucleotides) and 10,840 (45.11 %) are TtNRs (tetranucleotides). The (AGGG) n and (AGG) n stand out as the most frequent repetitive elements (Supplementary Table S1 ).
From the EST-SSR mined, we designed a set of 146 pairs of specific primers. Across the primer pairs tested, 101 (36.6 % DNRs; TNRs 37.6 %, 25.8 % TtNRs) showed clear amplification in C. arabica species. The sequence of these EST-SSR primers is described in Supplementary Table S2 . To validation and analysis of the polymorphism levels, these markers were tested in 12 samples of C. arabica species, five C. canephora species and three Híbrido de Timor (C. arabica 9 C. canephora). The TETRASAT (Markwith and Scanlon 2007) and the PowerMarker v3.25 (Liu and Muse 2005) software were used for polyploidy (C. arabica and Híbrido de Timor) and diploid (C. canephora) analyses, respectively. The following parameters were considered in these analysis of polymorphic levels: (1) number of alleles accessed by each marker (Na); (2) heterozygosity (He); (3) Shannon-Weiner diversity index (H 0 ); (4) average polymorphic information content (PIC); and (5) discriminating power (DP). Null values of He, H 0 and PIC were attributed to the monomorphic markers, i.e., those that showed the same fragments size for all genotypes in the gel. The ability of EST-SSRs to discriminate genotypes was measured according to the parameter DP. The frequency of markers that did not work (NW) and duplicate loci (DL) were also measured between the coffee species. A summary of the comparative analysis of polymorphism levels is shown in Fig. 1 . The parameters He, H 0 , PIC and DP are influenced by the ploidy because the number and frequency of alleles are taken into account during the calculation of these parameters. For comparison, in Fig. 1 , the mean values of *He, *H 0 , * PIC and *DP are shown with a correction for the ploidy of each organism. Details about the polymorphic levels of each EST-SSR marker are presented in Supplementary Table S3 .
The C. arabica and Híbrido de Timor genotypes had the same number of duplicate loci (4) and contained 31 and 25 monomorphic loci, respectively. All of the markers worked for interspecific hybrids and showed good amplification patterns with clear bands. The C. canephora specie showed the lowest number of monomorphic loci (16); however, it showed a higher frequency of duplicate loci and unamplified markers (15 and 9, respectively). These results for C. canephora were expected because the EST-SSRs were developed from C. arabica.
The Na values of C. arabica and C. canephora ranged from 1 to 6, with an average of 2.11 and 2.78 alleles per locus, respectively. The moderate levels of PIC, H, He, and DP observed for C. arabica and Híbrido de Timor revealed lower genetic and allelic diversity, whereas the C. canephora species presented a high degree of diversity. Similar results were described by Lashermes et al. (1999) , Poncet et al. (2006) and Hendre et al. (2008) and are consistent with the mode of reproduction, the genome evolution and the process of domestication for coffee.
Besides the analysis of level of polymorphism, the rate of cross-taxa transferability (T MAR ) of the new EST-SSR markers was measured. The markers were analyzed in four other species of the genus Coffea (C. canephora, C. eugenioides, C. congensis and C. racemosa) and two natural interspecific hybrids: triploid originated by natural crossed among C. arabica 9 C. racemosa and Híbrido de Timor originated by natural crossed among C. arabica 9 C. canephora. The transferability was calculated as a proportion of primers showing successful amplification for each species. The following formula was used: T MAR ¼ SA esp NM esp , where SA esp is the successful amplification for each species and NM esp is the total number of primers that were used in the analyses of each species.
The results of transferability rate showed an average T MAR of 88 %. Emphasis is given to the natural hybrids (Híbrido de Timor and Triploid), which show high values of T MAR (1.0 and 0.97, respectively). The species C. racemosa and C. congensis showed the lowest values (0.70 and 0.71, respectively), while C. canephora (0.89) and C. eugenioides (0.87) had intermediate values (Supplementary Table S4 ).
The transferability analysis indicates that EST-SSR markers have potential for use in genetic studies for other species of the genus Coffea. Overall, the ESTSSRs have a higher transfer rate between related species when compared with traditional genomic SSRs (Ellis and Burke 2007) . The explanation for this is that EST primers flank the coding regions of the genome that are more likely to be conserved across species. The new EST-SSR markers were also validated for molecular characterization and genetic mapping. The effectiveness of new EST-SSRs in studies on diversity and taxonomy was measured in genotypes of C. canephora, C. eugenioides, C. congensis, C. racemosa and natural Fig. 1 Comparative analysis of the levels of polymorphism considering the frequency of duplicate loci (DL), monomorphic loci (Mon) and markers that did not work (NW), and the corrected mean values for ploidy of heterozygosity (*He), Shannon-Weiner diversity index (H 0 ), polymorphic information average content (PIC*) and discriminant power (*DP) in the genotypes of Coffea arabica (CAR), Híbrido de Timor (HT) and Coffea canephora (CCA) hybrids (Híbrido de Timor and Triploid) using two different approaches. The first, implemented in the STRUCTURE software (Pritchard et al. 2000) , was the Bayesian approach. In these analyses, K values ranged from 1 to 10 with genetic mixture model and 15 repetitions were considered. Each run was implemented with a period of 50,000 burn-in and 100,000 MCMC interactions. The true number of genetic groups was estimated using the StructureHarvester program (Earl and vonHoldt, 2012) , by calculating DK (Evanno et al. 2005) . In this methodology, the genotypes were classified into two subsets (k = 2) according to the value of DK, indicating that the higher level of the hierarchy is associated with the genotype ploidy. Thus, the tetraploids (Híbrido de Timor and C. arabica) and the triploid were placed into one group, while the diploids (C. canephora, C. eugenioides, C. congensis and C. racemosa) formed another distinct group (Fig. 2a) . Similar results were found by López-Gartner et al. (2009) , in which C. arabica and the Híbrido de Timor showed differential clustering of the diploid species.
In a second way, the genotypes were evaluated considering an integrated analysis of genetic similarity, based on Jaccard similarity index and the Bayesian clustering. Accordingly, we identified the formation of seven subsets (k = 7), four of which correspond to the diploid species (C. canephora, C. eugenioides, C. congensis and C. racemosa) and three formed by polyploidy genotype (C. arabica and hybrids) (Fig. 2b) . The results of the molecular characterization using the new markers were efficient in discriminate coffee species, showing a potential application for taxonomic analysis. Another promising result observed was the possibility to use the EST-SSRs in genotypic differentiation of the C. arabica genotypes despite the narrow genetic basis. All the coffee accession were distinguishable, except CAR.2 and CAR.3. For the C. canephora genotypes, they were able to distinguish the CCAN3 that belongs to the group of Conilon and the others that belong to the Robusta group. This reinforces the importance of these markers, especially for parental selection in breeding These 24 genotypes were divided into two groups (k = 2) according to ploidy level and were grouped according to the value of Q (coefficient of similarity). b Analysis of genetic diversity of the same 24 genotypes, considering an integrated analysis of the STRUCTURE software (k = 7) and the NJ dendrogram based on the Jaccard similarity index programs and the management of genetic resources in germplasm banks.
In genetic mapping studies, EST-SSRs were positioned on C. arabica linkage map. The genetic map for C. arabica was previously described by Pestana (2010) and has 94 markers (AFLP, RAPD and SSR) mapped in 11 linkage groups. Of this total, 14 correspond to the new EST-SSRs and were mapped in seven linkage groups. The small number of EST-SSRs located on the map is due to the low level of polymorphism between the mapping population parents. As previously discussed, this is a result of the narrow genetic base derived from the domestication process of the species. In the context of plant breeding, these results are important, especially for the identification and quantification of genomic regions that control traits of interest.
This study provides the scientific community with a set of 101 new EST-SSRs mined from the Brazilian Coffee Genome Project for C. arabica species. The characterization and validation of these markers demonstrate their usefulness in studies of molecular characterization, genetic diversity, taxonomic classification and genetic mapping. The transferability rate was measured and showed that these studies can be extended to other species within the genus Coffea, including for evolutionary and molecular phylogeny studies. In breeding programs, the EST-SSRs emerge as an important tool for parent selection, management of genetic resources, assisted selection and elucidation of complex traits (QTLs). Thus, this study aims to increase the number of molecular tools available to the genus Coffea, in order to enhance research for coffee farming. Finally, we emphasize that a database with 24,000 sequences containing microsatellites is available for the development and validation of new EST-SSR markers.
